, and is thought to result from the ultra uniform structure. However, small pore size of the catalyst will generally limit the mobility of higher molecular weight products and the slurry solvent because of the low diffusivity 2), 3) , which may give rise to unfavorable secondary reactions, such as cracking and further hydrogenation of products, resulting in low selectivity for higher hydrocarbons.
High F-T activity can be obtained over Co catalysts supported on bimodal pore-structured materials prepared by simply modifying wide pore silica with silica sol, zirconia sol, alumina sol, and so on 4)～10) . The high dispersion of Co and the improved diffusion of the products in the wide pores of the bimodal catalysts are probably responsible for the high activity. If the internal surface of the wide pores of an inert support is modified with alkoxide-derived catalyst, instead of silica sol, the efficiency of the alkoxide-derived catalyst will increase, resulting in greater selectivity for higher hydrocarbons as well as high and stable activity.
In the present study, the surface of macro-porous silica was modified with alkoxide-derived Ru _ SiO2 precursor, to prepare bimodal pore-structured Ru/SiO2 catalysts.
Experimental

1. Preparation of Catalysts
The detailed procedure of the alkoxide method has been described elsewhere 1) . The required amount of ruthenium nitrosyl nitrate (Soekawa Chemicals) was dissolved in 0.35 mol of ethylene glycol (Nakarai Tesque), then mixed with 0.15 mol of tetraethyl orthosilicate (Nakarai Tesque) to form a homogeneous solution by heating below 343 K. The required amount of finely ground macro-porous silica (Fuji Silysia, Q-10, Q-15, Q-30, and Q-50; average pore diameter (D) 10, 15, 30, and 50 nm, respectively) was impregnated with the homogeneous solution at room temperature. Distilled water (11 cm 3 ) was added to the impregnated mixture at room temperature, resulting in slow hydrolysis at 363 K for 40 h to form gel. The gel was dried and calcined in air flow at 823 K for 15 h to remove organic compounds, resulting in Ru _ SiO2(alk)/Q-n, where n 10, 15, 30 and 50.
Fischer-Tropsch Reaction
After reduction in H2 flow at 473 K, 0.5 g of Ru _ SiO2(alk)/Q-n catalyst was suspended in 50 cm 3 of hexadecane under an inert atmosphere, and utilized as the catalyst for the F-T reaction in a continuous stirring tank reactor (CSTR; V ca. 100 cm 3 ) with a specially designed stirring rod 11) to achieve complete mixing in the reactor. The reaction conditions were as follows: H2/CO 2/1, T 493-503 K, P 1 MPa, and W/F 5 g-catal.h/mol. The effluent gas was periodically analyzed with Shimadzu on-line gas chromatographs, model 17A with hydrogen-flame ionization detector (FID) and model 14B with a thermal coductive detector (TCD), to determine the C1-C10 hydrocarbons and inorganic gases, respectively. The C11 hydrocarbons in the slurry were determined separately by gas chromatography after the reaction. The procedure was described in detail previously 12) .
3. Characterization of Catalysts
X-Ray powder diffraction (XRD) patterns were recorded using a Mac Science MPX-18 diffractometer with Cu-Kα irradiation (40 kV, 150 mA). Multipoint BET surface area, pore volume, and BJH pore size distribution of the catalysts were calculated from the adsorption-desorption isotherm of N2 at 77 K, using an automatic gas adsorption apparatus, ASAP-2000. Table 1 shows the BET surface areas and pore volumes of the macro-porous silica and the bimodal porous catalysts. The increase in surface area and decrease in pore volume of the catalysts, compared to the corresponding macro-porous silica, suggest that the surface of the silica was effectively covered with alkoxide-derived Ru _ SiO2 7) . Figure 1 is an image of a bimodal porous catalyst. The surface of the macro-porous silica is covered with Ru _ SiO2(alk) prepared by the alkoxide method. The macro-pore size of the catalyst is somewhat smaller than that of the macro-porous silica due to thickness of the covering Ru _ SiO2(alk), whereas the meso-pore size of the catalyst is the same as that of Ru _ SiO2(alk) with uniform pore size.
Results and Discussion
The pore size distributions of the catalysts are depicted in Fig. 2 . The meso-pore size of the bimodal porous Ru _ SiO2(alk)/Q-30 catalysts ((b), (c)) was identical to that of the Ru _ SiO2(alk) catalyst (a) prepared by the alkoxide method, whereas the bimodal porous catalysts had smaller macro-pore size compared to the original macro-porous Q-30 silica (d). As the [Ru _ SiO2(alk)]/ [Q-30] ratio increased, the macro-pore size became smaller, indicating a thicker layer of Ru _ SiO2(alk). These results clearly indicate that the bimodal pore structure was effectively formed.
The time courses of the F-T reaction over the catalysts are shown in Fig. 3 110 1 Although the stability of the F-T activity of the catalysts (b) and (c) was slightly less than that of catalyst (a), higher CO conversion was obtained over the bimodal porous catalysts. In contrast, rapid deactivation was observed over conventional Ru/SiO2 catalyst (d) prepared by impregnation. The uniform structure of Ru _ SiO2(alk) is thought to be responsible for the stable F-T activity, as pointed out previously 1) . The effects of macro-pore size (Dp) on the F-T reaction results over the bimodal porous 10 wt% Ru _ SiO2(alk)/Q-n catalysts are illustrated in Fig. 4 , as the mean values during reaction for 40 h. With increasing Dp, selectivity for CH4 decreased, and selectivity for higher hydrocarbons (C5 ) and carbon chain growth probability (α) increased. As pointed out previously 13) , the higher diffusivity of the slurry solvent and/or the reaction products in larger pores may be responsible for the higher selectivity for higher hydrocarbons, because of effective removal of the local heating caused by the extremely exothermic F-T reaction at the active sites.
When mentioned above. However, the changes in CO conversion in Table 2 cannot be explained, since the total loading amounts of Ru in these catalysts were nominally identical. The Ru particle size depending on the ratio (or Dp) may be responsible for the CO conversion. Figure 5 shows the effects of macro-pore diameter (Dp) of the bimodal porous Ru _ SiO2(alk)/Q-n catalysts (Ru loading amount 10 wt%) on Ru crystallite size (L X ) evaluated by XRD line broadening, and Ru particle size (L H ) estimated by H2 adsorption. The crystallite size slightly varied, whereas the particle size increased with the pore diameter.
Transmission electron microscope (TEM) photographs of the fresh catalysts are shown in Fig. 6 . Uniform dispersion of Ru particles was observed on Ru _ SiO2(alk) catalysts. However, some agglomerations of Ru particles were observed on Ru _ SiO2(alk)/Q-30 and Ru _ SiO2(alk)/Q-50 catalysts, indicating that uniform small Ru particles of Ru _ SiO2(alk) were aggregated into larger particles, and the sizes were dependent on the pore sizes of the catalysts. Since macro-pore sizes of Q-n silica were not so uniform as Ru _ SiO2(alk), a distribution was observed in the sizes of the agglomerated Ru particles. The slight deactivation over bimodal porous catalysts may be related to this distribution.
The dependencies of C5 selectivity and carbon chain growth probability (α) on Ru particle size (L H ) in the present investigation are shown in Fig. 7 . With increasing L H , both C5 selectivity and α tended to increase, but large variations were observed. Based on the Ru particle size dependency on the macro-pore size of the bimodal porous catalysts, another explanation may be also applicable to the relationship between macropore size and F-T selectivity; i.e. larger Ru particles are favorable to higher selectivity for higher hydrocarbons. Lower C5 hydrocarbon selectivity has been already reported over Ru catalysts with smaller particle size or higher dispersion 14) . Modeling of catalysts containing metal clusters has suggested that large ensembles of Ru atoms are required for steady formation of long chain products 15) . In conclusion, bimodal porous Ru _ SiO2(alk)/Q-n catalysts were prepared by modifying the surface of macro-porous silica (Q-n) with Ru _ SiO2(alk) prepared by the alkoxide method. The selectivity for higher hydrocarbons (C5 ) and the carbon chain growth probability (α) increased with the macro-pore size of the bimodal porous catalysts. These characteristics of the F-T reaction can be explained in terms of the diffusivity of the slurry and/or the products in the pores of the catalysts, and the effect of Ru particle size depending on the macro-pore size of the catalysts. 
